ABSTRACT Gypsy moth females that survived inoculation with Lymantria dispar (L.) nucleopolyhedrovirus (LdNPV) as Þfth instars were smaller as pupae and laid fewer eggs as adults. Treatment with both wild type virus containing the egt gene and a genetically manipulated, egt-virus, lacking this gene, reduced pupal mass to a similar degree. Sublethal infection with wild type virus reduced the masses of surviving pupae at 20, 25, and 28ЊC. A relationship between virus dose (5,000, 50,000 and 500,000 occlusion bodies per larva), mass of pupae, and egg mass size only occurred in one experiment in which larvae were reared at 25ЊC and inoculated 5 d after molt to the Þfth instar. Vertical transmission of overt infection occurred in two of 13 egg masses (15%) produced by females inoculated with virus as larvae. The Þve larvae infected with virus were Ϸ0.5% of the larvae tested. Whether sublethal effects of LdNPV infection occur in Þeld populations of gypsy moth remains to be tested.
OUTBREAKS OF POPULATIONS of some forest Lepidoptera are associated with epizootics of nucleopolyhedrovirus (NPV) (Myers 1988) . These double-stranded DNA viruses infect many species of Lepidoptera and are spread by the ingestion of leaf material contaminated by viral occlusion bodies (OBs) released with the death of infected host larvae. An aspect of the dynamics of disease and host populations that is not understood is how virus is maintained when hosts are rare. One possibility is that sublethally infected larvae are able to complete development and carry the disease to future generations either mostly by external contamination Elkinton 1989, Murray and Elkinton 1990) , as a low level, persistent infection (Kukan and Myers 1997) or in an inactive, latent form (Hughes et al. 1993) . A number of studies have shown that pupae that have survived exposure to NPV as larvae are smaller than untreated controls and the moths emerging from these pupae have reduced fecundity (Rothman and Myers 1996) . Similarly, several studies have demonstrated that overt infection can be transmitted from parent to progeny (Kukan 1999, Kukan and Myers 1999) , although the source of this infection is not clear.
Whether sublethal effects and vertical transmission occur in gypsy moth, Lymantria dispar (L.), has been controversial. Shapiro and Robertson (1987) found persistence of NPV in adults and pupae of individuals surviving inoculation with virus as second instars. They also found that moths that survived exposure to virus at levels that killed 80% of the infected larvae had reduced fecundity, and vertically transmitted virus to offspring at a relatively high level (4.7Ð11.5%). However, Murray and Elkinton (1989) found that adults surviving virus challenge only transmitted virus to progeny at very low levels (Ͻ2.0%) and found no difference in pupal size or fecundity for individuals surviving exposure to virus as fourth instars (Murray et al. 1991) .
Sublethal infection could inßuence the fecundity of moths by reducing the amount of fat and other nutrients available for egg or sperm production or through some associated cost of resistance mechanisms either when initially Þghting off infection or in maintaining it at a nonlethal level (Myers and Kukan 1995) . However, sublethal infection could also inßu-ence fecundity through an interaction with the hormonal balance of the individual during development. Infection of gypsy moth with NPV slows larval growth and inhibits larval molting and pupation (Burand and Park 1992) . Most insect baculoviruses contain a gene (egt) that encodes the enzyme ecdysteroid UDP-glucosyl transferase which catalyzes the sugar conjugation of ecdysteroids (OÕReilly and Miller 1990) . Fifthinstar gypsy moth infected with NPV do not show the increase in ecdysteroid titer before pupation that occurs in control caterpillars (Park et al. 1993) . Additionally, female gypsy moth larvae infected with an egt-strain of LdNPV gained less weight than those infected with the wild type virus, whereas, no difference in weight gain was found in males (Slavicek et al. 1999) . More details of the interactions between the viral egt gene and ecdysteroid titers are necessary to understand the potential impacts of sublethal infection on the physiology of the host. It is possible that sublethal infection by NPV with the egt gene could have different impacts on surviving hosts than infection by an NPV without this gene. The existence of a strain of LdNPV lacking the egt gene provides an excellent tool for investigating the association of ecdysteroid titer and the potential sublethal effects of virus.
Rearing temperature is another factor that might inßuence the rate of development of larvae and possibly also that of the virus. We hypothesized that sublethal inßuences might have more opportunity for expression in inoculated larvae reared at a lower temperature, 20ЊC, than those reared at a warmer temperature, 28ЊC. Similarly the dose of virus might inßuence the opportunity for the expression of sublethal effects on surviving individuals. We expect that fewer individuals will survive exposure to higher viral doses, but that those that do will be more likely to demonstrate the effects of sublethal infection.
In the following study we investigated the inßu-ences of the presence and absence of the egt gene in the virus used for inoculation, viral dose, time of infection after molt to the Þfth instar, and rearing temperature on the expression of sublethal viral effects indicated by pupal mass (a surrogate for fecundity) and egg mass size. In one experiment we reared larvae from egg masses of adults surviving inoculation with virus as larvae to determine if vertical transmission of virus occurred.
Materials and Methods
Gypsy moth egg masses and cups containing artiÞ-cial diet (Bell et al. 1981) were obtained from the Methods Development Center, USDA (Otis, MA). Egg masses were surface sterilized by soaking in 10% formaldehyde for 1 h and washing under running tap water for 2 h. The hatched larvae were reared at 28ЊC in groups of 20 through the fourth instar on artiÞcial diet in 150-ml cups. Slippage of the head capsule of larvae occurs just before the molt to Þfth instar, and at that time larvae were placed in individual 50-ml diet cups where they were maintained until the start of the experiment. The sexes were distinguished by size of the larvae, and only results on females are considered here although treated males were kept for mating. Twenty-four hours before larvae were inoculated with virus or treated with distilled water as controls, they were placed in empty 50-ml cups. This period of starvation improves the rate of consumption of the 1.0-mm 3 diet cubes on which the virus or distilled water was placed.
Considerable mold contamination of diet cups occurred in the experiments in 1994. We are uncertain if the contamination came with the food, the caterpillars, or was associated with the rearing chambers.
Experience had shown that caterpillars in cups with mold did not grow well and therefore, larvae in cups with mold were discarded without opening the cup lids.
LdNPV was provided by J. P. Burand (University of Massachusetts, Amherst). The concentration of occlusion bodies was determined by counting in a hemocytometer. In the Þrst experiments, serial dilutions were made with distilled water to obtain concentrations of 1 ϫ 10 6 , 1 ϫ 10 7 , and 1 ϫ 10 8 OBs/ml. Five microliters of NPV solution (dose of 5,000, 50,000, or 500,000 OBs per larva) were placed on a 1.0-mm 3 piece of diet and fed to larvae that had been in empty cups for Ϸ24 h. After 2Ð3 h, larvae that had eaten the whole diet cube were transferred to new 50-ml diet cups with sufÞcient diet to complete development. The few larvae that did not Þnish the diet cubes were discarded. Controls were treated in the same way but 5 l of distilled water replaced the virus dose.
Three experiments were carried out, two in 1994 and one in 1995. In the Þrst experiment, two types of virus were used, the G2 wildtype strain of LdNPV and the egt-, genetically modiÞed strain, which lacks the egt gene (Slavicek et al. 1999) . The viral dose was 5,000 OBs per larva and 82 female larvae were exposed to wild type virus, 83 to egt-and 82 were controls. Viral inoculation was carried out 5 d after the molt to Þfth instar, and larvae were reared at 28ЊC. In another trial, 77 female larvae were inoculated with 5,000 OBs wild type virus and 79 larvae with egt-virus 5 d after molt to the Þfth instar and reared at 25ЊC.
The second experiment investigated the effect of viral dose and rearing temperature. Larvae were starved for 24 h and inoculated with 5,000, 50,000, or 500,000 OBs per larva of the wildtype LdNPV, 5 d after the molt to Þfth instar. The control caterpillars were starved for 24 h and then fed the diet cubes inoculated with distilled water. Numbers of individuals in groups reared at 20 or 28ЊC, respectively, were control ϭ 25, 25; 5,000 ϭ 50, 60; 50,000 ϭ 32, 33; 500,000 ϭ 35, 36. Larvae were reared individually in 50-ml diet cups at 20 or 28ЊC, and checked every day until death or pupation. The cause of death of larvae was determined by observing smears with a light microscope. Pupae were weighed one day after pupation and kept at 25ЊC until the adults emerged. Adults were placed in brown paper lunch bags in groups of approximately three males and three females, from the same treatment group, for mating and oviposition. Egg masses were weighed and maintained at room temperature for one month, then chilled at 4ЊC for 206 d.
To determine if vertical transmission of NPV occurred, after chilling, 50% of the egg masses were disinfected with 10% formaldehyde and 50% were not. All of the egg masses were allowed to hatch at 25ЊC. Individual egg masses were placed in 50-ml plastic cups with a piece of wet paper towel. Larvae hatched from 21 egg masses and were collected and reared in groups of 1Ð10 individuals per 150-ml cup on artiÞcial diet at 25ЊC. Dead caterpillars were smeared to determine if they were infected with virus.
The same viral doses were used for the third experiment as in the second (5,000; 50,000; and 500,000 OBs per larva), but the larvae were inoculated 1 d after molting to the Þfth instar. Fifty female larvae were inoculated per viral dose and reared at 25ЊC until they died or pupated. The pupae were weighed a day after pupation, and were maintained at 25ЊC until they became adults. A pair of adults from the same treatment group were allowed to mate in a brown paper bag. The egg masses were collected and weighed, but were not stored for further development. A total of 30 egg masses was used for data analysis.
Statistical Analyses. Analysis of variance (ANOVA) and t-tests were performed using SYSTAT (SYSTAT 1992) .
Results
The Effect of the egt Gene on Sublethal Effects. The masses of female pupae in the Þrst experiment were signiÞcantly different when the three groups were compared with ANOVA (F ϭ 5.38; df ϭ 2, 55; P ϭ 0.01). Pupal weights of those infected with the wild type virus (mean ϭ 1.58 g, SE ϭ 0.09, n ϭ 14) were signiÞcantly smaller than the control pupae (mean ϭ 1.91 g, SE ϭ 0.06, n ϭ 30) but not those infected with the egt-virus (mean ϭ 1.69 g, SE ϭ 0.09, n ϭ 14) based on Tukey test. Mortality in treatment groups was 83% and of controls was 70%. A mold associated with the food cups increased the mortality of larvae. No control caterpillars died of virus. In a second trial comparing just virus treated larvae, pupal masses of gypsy moth females treated with wild type and egt-virus did not differ ([t ϭ 0.26, df ϭ 62, P ϭ 0.80] [mean wild virus treated ϭ 1.25 g, SE ϭ 0.06, n ϭ 30 and mean egttreated ϭ 1.27 g, SE ϭ 0.06, n ϭ 24]).
The Effect of Temperature and LdNPV Dose. In the experiment 2 the mass of the female pupae did not differ with the temperature at which larvae were reared following inoculation ( Table 1 ). The means of female pupal mass of all of the experimental groups were signiÞcantly lighter than that of the control group reared at 28ЊC but not of the control group reared at 20ЊC. The latter were light as compared with the controls in experiment 1 as well as the controls reared at 28ЊC. The time to pupation was signiÞcantly longer for larvae reared at 20ЊC compared with those reared at 28ЊC. Control pupae tended to develop more rapidly than those exposed to virus however this difference was not signiÞcant (Table 1 ). Survival to pupation was not obviously related to rearing temperature or viral dose, and was Ϸ25% for most groups with the 500,000 OBs, 28ЊC group having the highest survival at 39%.
Egg masses of females reared at 20ЊC were signiÞ-cantly lighter than those of females reared at 28ЊC (t ϭ 2.5, df ϭ 28, P ϭ 0.02) ( Table 2 ). Because the sizes of the egg masses of females exposed to virus at the different doses were not signiÞcantly different, the egg masses of the treated groups were combined and compared with controls for the two rearing temperatures. Egg masses from virus treated groups were signiÞcantly lighter than those from uninfected control insects (ANOVA, F ϭ 48.6; df ϭ 3, 26; P Ͼ 0.01). The Tukey test showed signiÞcant variation between the virus treated group reared at 20ЊC and the 28ЊC control group. Of 1,036 larvae from a total of 21 egg masses (13 from females inoculated with virus and eight controls) that were reared, only Þve larvae died of virus; one out of two hatching from one egg mass and four out of 62 from another. Neither of these egg masses had been surface sterilized and both were the offspring of females treated with 50,000 OBs.
In experiment 3, pupal mass varied signiÞcantly with increasing virus dose (Table 3) (F ϭ 9.9; df ϭ 3, 56; P Ͼ 0.01). Control pupae were signiÞcantly heavier than each of the experimental groups based on the Tukey test. The sizes of the egg masses produced by Table 1 . Mean, SE, and N of mass (g) of female pupae and of number of days from inoculation with NPV to pupation for gypsy moth larvae reared at 20 or 28°C, (ANOVA weight, F ‫؍‬ 5.74; df ‫؍‬ 7, 79; P < 0.01) Tukey test showed that all means were signiÞcantly different from 28ЊC controls, (ANOVA development time, F ϭ 53.4; df ϭ 7, 79; P Ͻ 0.01). Tukey test showed that the development time of all groups reared at 20ЊC were signiÞcantly longer than those at 28ЊC but controls were not different from experimental groups. females also varied signiÞcantly (F ϭ 5.3; df ϭ 3, 26; P Ͼ 0.01) (Table 3 ) with egg masses of treated insects again being lighter than those of the controls. Both exposure of gypsy moth larvae to virus 1 d after molting to the Þfth instar (experiment 2) and 5 d after molting (experiment 3) reduced pupal mass and egg mass size of individuals inoculated with virus.
Discussion
The exposure of Þfth-instar gypsy moth larvae to virus was associated with reduced female pupal mass and reduced size of egg masses of surviving individuals. In the experiment in which larvae were inoculated 1 d after molting to the Þfth instar, the reduction in both pupal and egg mass sizes increased with the viral dose. A dosage effect was not apparent in the experiment in which larvae were inoculated 5 d after molting. The time for expression of differences associated with virus dose (Ϸ6 d) may have been too short in this experiment. In experiments with cabbage loopers, Trichoplusia ni (Hü bner), sublethal effects were associated with age at inoculation but not dose (Milks et al. 1998) .
Prolonging the larval period by rearing at cooler temperatures did not have an apparent impact on the expression of sublethal effects as shown by pupal size, but egg masses of those reared at the cooler temperature were smaller. The temperature related growth curves of gypsy moth larvae and LdNPV are not known, but prolonging the time to pupation may have accentuated sublethal effects on fecundity. Survival of larvae reared at the two temperatures were similar.
Pupal masses of larvae exposed to the wild type virus and the egt-virus were similar, although only those infected with wild type virus were signiÞcantly smaller than controls. Slavicek et al. (1999) found that 5 d after infection cumulative weight gain of Þfth-instar, female, gypsy moth larvae declined for larvae infected with egt-virus but continued to increase for those infected with a virus strain with the egt gene. The growth curves of larvae infected with egt-virus were similar to those of controls, but the infected larvae lost weight after the controls had pupated. In these experiments the Þnal weights of larvae infected with a wild type virus were similar to those of controls, but larvae infected with the egt-virus were signiÞcantly lighter. Eventually, all the infected larvae in these experiments died. Similarly, Wilson et al. (2000) found that T. ni larvae infected with egt-virus were smaller at the fourth instar than were those infected with virus with the egt gene. These results indicate differences in the growth curves of larvae infected with egt-and wild type viruses. There was no clear impact of the egt gene on the expression of sublethal effects in our experiments.
Vertical transmission occurred in larvae from two egg masses and these were not surface sterilized. It is possible that this infection was associated with external contamination of the egg mass, but it is unlikely that it was associated with the original inoculation of the larvae because the virus dose was put on a small piece of food, the larvae consumed all of the food and virus, and then larvae were placed individually into new cups. In the studies of Shapiro and Robertson (1987) , contamination was a possible explanation for vertical transmission because larvae were reared on media containing viral OBs. In most studies in which vertical transmission has been studied, overt infection only occurs in 0.5Ð2% of larvae (Kukan 1999), and our results and those of Murray and Elkinton (1989) with gypsy moth are similar. Although the number of infected larvae is small, the expression of virus in two of 13 egg masses of females that had been inoculated with virus (15%) is more substantial. Transmission of the virus to other caterpillars in the family group could be inßuential in natural populations. The potential impact of sublethal infection and vertical transmission of NPV on population dynamics of forest Lepidoptera has been explored in several models (Regniere 1984 , Beukema 1992 , Myers 1993 , Briggs and Godfray 1996 , Boots and Norman 2000 and these indicate that sublethal infection and vertical transmission can promote cyclic dynamics under some conditions. Therefore, these results are of interest to the understanding of gypsy moth population dynamics.
Sublethal effects of the granulosis virus, PiGV, on both males and females of laboratory populations of the Indian meal moth, Plodia interpunctella (Hü bner), have been detailed (Sait et al. 1994 (Sait et al. , 1998 . In this situation, exposure to virus inßuences the size and fertility of moths of both sexes and both the overt and sublethal aspects of viral infection are thought to inßuence the population dynamics of these laboratory cultures. Nothing is known about virus effects in wild populations of grain moths.
Reduced fecundity is a characteristic of population declines in several species of forest caterpillars (Myers 1988) including the tent caterpillar Malacosoma pluviale (Myers and Kukan 1995) . Reduced fecundity has also been shown to occur following experimental exposure of late instar tent caterpillar larvae to NPV (Rothman and Myers 1994, Rothman 1997) . Egg masses of high density gypsy moths are generally markedly smaller than those from low density populations (Campbell 1978 , Myers et al. 1998 ) and although viral infection is usually a characteristic of outbreaks as well; whether the reduced fecundity of moths is associated with sublethal infection has not been shown. These experiments show that sublethal effects are possible in this species and deserve further investigation in Þeld populations.
